In residential DC microgrids integrated with renewable energy sources (RESs), prosumer's power generation and load demand are not matched due to inherent sporadic nature of RESs. One way to address this issue is to add an energy storage system (ESS). The ESS is useful in fluctuation suppression, load following, time shifting, peak shaving, energy saving and emergency power. Moreover, an ESS will resolve overvoltage issue in utility grids due to exported surplus energy from residential RESs. Therefore, this paper will review battery ESSs that can be used in residential DC microgrids. Three major battery chemistries, i.e. leadacid, lithium ion (Li-ion) and Zinc bromine (ZB) are reviewed. The analysis of the levelized cost of energy reveals that lead-acid batteries are economically less competitive compared with Li-ion and ZB batteries in residential DC microgrid applications.
Introduction
The depletion of fossil fuels and environmental concerns are driving scientific society to conduct more research on renewable energy generation and its integration into existing electricity distribution systems. In this context, the microgrid notion comes into the picture. A microgrid is defined as a collection of distributed generators (DGs) and loads placed within an explicitly demarcated border that can be controlled as a single unit with respect to grids. The microgrid may connect or disconnect from grids to operate in either grid-connected or islanded mode [1] .
Accordingly, a residential microgrid can be defined by limiting the border of a microgrid to a single house. AC electricity being the choice for residential electricity distribution for decades. However, DC electricity is gaining its ground, as there are many favoring factors such as the increased popularity of DC-based renewable energy sources (RESs), battery energy storage systems (ESSs) and home DC appliances including LED lighting systems, laptop computer, IPad, mobile phone and many other portable electronic devices. Furthermore, energy efficiency improvements which can be achieved by DC compared to AC distribution [2, 3] and anticipated increase of electric vehicles (EVs) penetration [4] are likely to boost DC electricity demand. On the other hand, it is convenient and quite efficient to couple DGs such as photovoltaic (PV) panels and fuel cells (FCs) to a DC distribution system directly or through power electronic converters (PECs) [2] . In addition, high-frequency AC generated by wind turbines can be linked to a DC bus much easier compared to an AC bus, where it requires a synchronized AC voltage. Therefore, residential DC microgrids are in focus for the current study.
Figure 1 Key Components of a residential DC microgrid
An envisioned residential DC microgrid is illustrated in Figure 1 . It consists of RESs (PV panel, wind power source, FC), AC or DC loads, a battery ESS, an EV, and a control system [3] . RESs and battery ESSs are interfaced to a common DC bus in parallel via PECs. To maintain power quality and voltage regulation at the common DC bus, a control system is required. A broad review of control strategies and stabilization techniques can be found in [5] . Digital communication among PECs is required to improve controllability.
A DC microgrid has a set of unique characteristics including absence of reactive power flow, frequency regulation, and lesser number of electricity conversion stages compared to an AC microgrid. Moreover, in residential scale, DGs and loads are placed close to each other minimizing substantial amount of transmission power loss.
The microgrid components can be grouped into energy sources and loads. A battery ESS stands in both groups, as it becomes a load when it is being charged or a source when it is being discharged. Thus, the battery ESS performs a major role in a residential DC microgrid. Many previous attempts in reviewing ESSs are found in literature. These reviews have topics such as ESSs for stationary applications [6] , ESSs for microgrids [7] , ESSs for renewable energy applications [8, 9] , Lead-acid ESSs for utility applications [10] , and ESS trends [11] . Unlike those stated above, current study concentrates on ESS technologies particularly for residential use and those are commercially available at present. Thus, it provides a clear path to compare only the residential ESSs that can be immediately employed in prosumer own microgrids.
Therefore, this paper is structured as follows. In next section, the importance of ESSs for a residential DC microgrid is explained which is followed by a review of several pertinent battery ESSs for household use in Section 3. In Section 4, the batteries are economically compared. In Section 5, discussions are made regarding the economical comparison of selected battery ESSs. The conclusions will be given in Section 6.
Importance of an ESS for a residential DC microgrid
The intermittent nature of RESs is heavily discussed in the literature [7, 8, 12, 13] . Consequently, the outputs of RESs are not matched with domestic power demand patterns. This leads to export or import energy to or from power grids.
From the prosumer's point of view, an ESS will be used to provide load following and fluctuation suppression to maintain power quality. Moreover, peak shaving and time shifting are enabled to maximize the economic benefits. Besides, an ESS provides emergency power to ensure the reliability of the microgrid [7, 8] .
From the utility point of view, a residential ESS can be used to overcome the overvoltage caused by the exported surplus energy during times of high penetration of RESs [15] . Another advantage of having an ESS in residential DC microgrid is improved energy savings compared to an AC microgrid. Energy savings have been estimated to be 14% with an ESS whereas 5% without an ESS [3] . However, if a residential DC microgrid can operate in an islanded mode, it will achieve a significant energy efficiency [14] .
Battery energy storage technologies for residential use
Although there is ample amount of ESSs, not all of them are viable in prosumer level applications. For that purpose, batteries are much popular over many other ESS technologies due to various advantages such as better overall energy efficiency, quicker implementation time, fast response time, lower self-discharge and easy scalability [8, 10] . Apart from that, recyclability and safety are to be considered to ensure the wellbeing of both humans and the environment. Two most popular battery chemistries in domestic use are Lead-acid and Li-ion [16] . Other chemistries which are becoming popular in prosumer applications are flow batteries like ZincBromine (ZB).
Lead-acid batteries
Lead-acid is the most extensively used electrochemical battery chemistry and its application has been proven in many areas including automotive, industrial, utility and domestic use [7, 10] . A conventional lead-acid battery cell is either wet/flooded (FLA) or valve regulated (VRLA). VRLAs can further be classified into GEL (uses gelled electrolyte) and AGM (uses glass microfiber separator). VRLA performs better than FLA as it has high specific power, less maintenance and shorter charging time. In both these categories, a leadacid battery cell is made of PbO2 positive plate, Pb negative plate, and H2SO4 electrolyte. Positive and negative plates are made with a Pb alloy grid pasted with the relevant active material (PbO2 or Pb). Although the negative plate is a flat pasted plate at all the time, the positive plate can either be flat pasted or tubular (see Figure 2) . [10] .
Figure 2 Schematics of lead-acid battery cells
Advantages of conventional lead-acid batteries include affordability, technological maturity, higher market penetration and higher recyclability (>95% [10] ).
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However, short cycle-lifetime depending on the depth of discharge (DOD), low specific energy (30-50 Wh/kg [8] ), and poor performance at cooler and warmer temperatures are considered as disadvantages [8, 12] . In addition, conventional lead-acid batteries have the issue of capacity reduction over the time because of negative plate failure due to sulphation. This happens when a battery undergoes shallow cycling on a continuous basis, which is more common in either automotive industries or RESs and grid supported systems [7, 8, 10] .
Lithium-ion batteries
Lithium-ion (Li-ion) battery chemistry is more popular in portable consumer electronics and it has found the way into residential solar PV applications providing substantial benefits for consumers. Based on the Li + donator in the cathode, different Li-ion chemistries can be named [10] and two most prevalent commercially available chemistries for end-user applications are lithium nickel manganese cobalt (NMC) and lithium iron phosphate (LFP) batteries [16] . A Li-ion battery cell is generally depicted in Figure 3 .
Some of the interesting characteristics such as higher energy density (75-200 Wh/kg [7] ), lower self-discharge (1%/day [8] ) and absence of memory effect, better power output, better cycle life and higher coulombic efficiency (~98% [12] ) have favored the reputation of Liion batteries over other battery chemistries in residential applications [13] . However, this battery chemistry has few drawbacks such as safety concerns due to thermal runaway [10, 17] , poor recycling ability, and comparatively higher energy used in the manufacturing process compared to lead-acid [10] . Since Li-ion batteries are the mostly used battery chemistry in EVs and these batteries are replaced when their capacity is reached 80% of its original capacity [18] , these used EV batteries can be potentially applied in residential applications as ESSs. Technical and economic feasibility of the secondary use of EV batteries have been assessed and it has been found that these batteries will offer a good lifespan and a shorter payback time for residential use [19] . This will eventually help to increase the recyclability of Li-ion batteries while increasing the affordability in current Li-ion battery markets despite the fact that Li-ion battery price is continued to decline [11] .
Flow batteries
ZB batteries come under the group of flow batteries using zinc (Zn) and bromine (Br2) aqueous solutions to store the energy [9] . Figure 4 shows the key components and the operating principle of the ZB battery. Zn and BR2 are circulated through respective cells and tanks during charge/discharge cycles. Thus, it requires additional energy, which reduces overall efficiency [8, 12] . Roundtrip efficiency is typically around 75% [6, 11] . These batteries emit toxic and corrosive gasses when the operating temperature exceeds 40°C. Hence, ZB batteries require special rooms or cabinets with ventilation [12] .
Popular commercially available ZB batteries for residential use are Redflow's ZBM2 and Zcell providing 10kWh of capacity [16] . It is claimed by the manufacturers that these batteries can deliver energy with 100% DOD for 10 years without losing its original capacity which can provide over 3500 charge/discharge cycles. Further, ZB batteries are safer as the electrolytes based on bromine inherently nonflammable, and there is no risk of explosion or thermal runaway [12] . Other advantages of this technology are higher recyclability (~100%), scalability, higher specific energy (60-90 Wh/kg) compared to lead-acid, and unlimited shelf life as a battery can remain fully discharged for a long period of time [8] . 
Comparison of battery ESSs
Selecting the suitable battery to make an ESS for a residential application is not quite straightforward. There are some qualitative and quantitative factors to be considered. An economical approach can be used to justify the application of a selected ESS. A simple upfront cost comparison is not sufficiently enough to favor the selection of the battery ESS. One of the - 
LCOE calculation methodology
LCOE is calculated using the equation (1). It has neglected some important factors which are explained in the later part of this section. In equation (1) LCOE is calculated considering the capital expenditure -CAPEX, initial battery capacity -C0, a number of cycles to reach the end of life (EOL) -NEOL, and nominal battery roundtrip efficiency -ηN.
Due to considerably higher battery costs at current market, one may opt to borrow a loan which will incur an interest to be paid and it will eventually lead to a periodical loan repayments (LP) during the considered project lifetime. The loan repayment can be calculated as
with loan amount Ploan, periodical interest i and n periods [20] . Furthermore, additional expenses may come across for operation and maintenance (CONM) while a positive cash flow can be expected for batteries reached EOL due for its recycling value (RV).
Ageing of the battery should be considered for a proper interpretation of LCOE. Ageing is generally related to battery's calendar age and the frequency of use. Besides, ageing can be accelerated by high operational temperatures and discharge current rates. In the current study, the ageing model used in [25] is considered which can be used to cover both calendar and cycle ageing.
Equation (3) provides the battery capacity at any time (Ct (q)) as a function of moved charge q. The coefficient kd governs the capacity degradation and it is calculated as per equation (4).
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where the constant kEOL depends on the EOL capacity of the battery. This study considers batteries having 70%, 80%, and 100% EOL capacities and the corresponding kEOL values are 0.333671, 0.21514, and 0, respectively. From prosumers point of view, the usable capacity of the battery is of high importance. This can be calculated with help of the equation (5) as follows.
Another important factor to consider in LCOE analysis is the discount rate r. Selection of a discount rate is quite subjective and it depends on the investor's financial circumstances. Further, a replacement cost CREP may incur where multiple battery installations are required during the considered project lifetime.
After taking all above factors into account, we can modify the equation (1) as follows in which T is taken as the project lifespan in loan repayment periods and CINI as the initial investment. 
Assuming one cycle per day operation, for each period of Np days, we have Paper ID: ICEEE2018-123
Assumptions
In chemical batteries, the remaining battery capacity is correlated with the charge/discharge currents too [12] . Therefore, all the nominal battery capacities of this analysis were taken as those at 0.05 C rate that is 20-hour discharge rate to maintain the fairness of LCOE calculations.
20 years of project life and fortnightly loan repayments are assumed. If a battery is expected to last more than 5 years the repayment time is set to 5 years. For those batteries whose lifetime is under 5 years, the repayment time is set before the battery reaches its EOL. For example, FLA batteries have 1200 cycles which can last 3 years and 105 days. Therefore, the loan is paid off in 3 years. In order to minimize the complexity, a fixed interest rate and a loan repayment are considered. Annual bank interest rate is taken as 10%. In addition, discount rate is assumed to be 7% per annum.
For multiple installations of battery ESSs, battery replacement cost assumed to be as same as the initial market price and other costs entailed for installation and transport are neglected. For this study, an RV and CONM values are not accounted for ZB batteries due to lack of information found in the literature.
Results
The qualitative values collated in table 1 are used to calculate the LCOE. Using the equation (5), the usable capacity of each battery chemistry is calculated and the results are depicted in Figure 5 . It can be clearly seen how the usable capacity fades over the cyclic use of a battery. It is clear that a significant amount of usable battery capacity is reduced over the time. Therefore, the use of equation (1) to calculate LCOE gives an erroneous value where it assumes the usable capacity remains constant throughout the project lifetime.
In this study, LCOE values are calculated using both equations (1) and (6) . Two LCOE values are calculated with equation (6) . The first case with no initial investment and all the money is borrowed from the bank and the second case in which no money is borrowed. All three LCOE values are compared in Figure 6 . 
Discussions
Deep cycle lead-acid batteries such as FLA, VRLA GEL and VRLA AGM are extensively available for solar PV applications. We can clearly see from Table 1 that the initial cost (AU$/kWh) for all three types of lead-acid batteries remains the lowest among all considered battery ESSs. However, due to operational limitations like DOD, these three battery types provide the lowest usable capacity. Consequently, a large and heavy battery ESS is required to meet a given usable capacity compared to other batteries.
Even though the initial investment cost is comparatively higher for Li-ion and ZB batteries, LCOE analysis reveals that these battery chemistries offer the best value for money. This pattern is evident in both LCOE values calculated using equation (1) and (6) .
The Li-ion (NMC) battery has the lowest LCOE calculated by equation (1) and equation (6) with two cases that are AU$ 0.23, 0.46, 0.44, respectively. This is closely followed by the Li-ion (LFP) battery. The highest LCOE values are given by FLA batteries and the corresponding values are AU$ 0.98, 1.47, and 1.40, respectively. Even though a ZB battery has the highest initial investment cost, it is as good as VRLA GEL in terms of LCOE values.
Australian electricity costs per kWh are between 25-40 cents depending on the state. Therefore, if the battery degradation is considered, calculated LCOE values suggest that investing on a battery ESS is not beneficial under current market prices. However, decline in battery prices as well as increase in electricity tariffs will make residential battery ESSs more economical viable.
Scale of the system should be determined with required load demand. The effect of the scale on LCOE value may vary according to the battery chemistry. However, in most cases with same manufacturer, as the size of the battery increases, the $/kWh decreases as well. Therefore, as battery size increases LCOE value is expected to decrease.
Conclusions
Residential DC microgrids offer substantial benefits in terms of energy savings, equipment cost reductions, convenience of integration of DGs, and ease of controllability. DC electricity demand is likely to rise in future. Battery ESSs have played a significant role in making residential DC microgrids into a reality. Three major battery chemistries are identified as possible ESSs for residential use that are Lead-acid, Li-ion and ZB batteries.
The Li-ion (NMC) provides the best economics in terms of LCOE. Li-ion (LFP) battery offers second best LCOE value making Li-ion family leading the residential ESS market. If calculated with equation (1), VRLA GEL has a marginally low LCOE value compared to ZB. However, with equation (6), ZB has lower LCOE values as it does not have capacity degradation.
The choice of discount rate influences LCOE values and a discount rate above the bank interest rate will make the borrowing option more beneficial. Moreover, reduction in usable battery capacity over time has a significant impact compared to the case of constant usable capacity. However, analysis of residential DC microgrids with real data will provide better insights into comparison of selected battery ESSs.
